Eleven models of Galactic chemical evolution, differing on the carbon and oxygen yields adopted, have been computed to explain the observed Galactic carbon and oxygen radial gradients. All the models fit the oxygen gradient, but only two models fit also the carbon gradient, those based on carbon yields that increase with metallicity due to stellar winds in massive stars (MS) and decrease with metallicity due to stellar winds in low and intermediate mass stars (LIMS). The successful models also fit the O/H and C/O evolution history of the solar vicinity. We find that about half of the carbon in the solar vicinity has been produced by MS and half by LIMS.
Introduction
Many chemical evolution models have been recently made to explain the chemical composition of the solar vicinity (e.g. Liang, Zhao & Shi 2001 , Chiappini, Matteucci & Meynet 2003a , Chiappini, Romano, & Matteucci 2003b , Akerman et al. 2004 ). In addition a few models have been computed to explain the behavior of C/O as a function of the distance to the Galactic center (e.g. Hou, Prantzos, & Boissier 2000 , Carigi 2003 , Chiappini et al. 2003b ).
Most of the Galactic chemical evolution models predict a similar behavior for the solar vicinity, but make different predictions for the behavior of C/O at different Galactocentric distances. All authors agree that both massive stars (MS) and low and intermediate mass stars (LIMS) play a significant role in the C production of the solar vicinity, nevertheless some authors find that most of the C is due to MS (e.g. Carigi 2000 Carigi , 2003 Henry et al. 2000) while other authors find that most of the C is due to LIMS (e.g. Chiappini et al. 2003b) . The different predictions on: the C/H value in the solar vicinity, the Galactic C/O gradient, and the relative importance of MS and LIMS in the C production are mainly due to the stellar chemical evolution models that produce different C yields. To discriminate among the set of yields we need additional observational constraints to those used before. The C and O gradients derived by Esteban et al. (2004, hereinafter Paper I) , provide us with the additional constraints necessary to study this problem. In this paper we present eleven different chemical evolution models for the Galaxy, based on combinations of seven different stellar yields, to try to fit the observed C/O gradient.
It is difficult to study the C enrichment of the Galaxy because C is produced by MS and LIMS and the evolution of both types of objects depends on: stellar winds, the convection treatment, and the 12 C(α,γ) 16 O rate, and an exact treatment of these three ingredients of the models is not yet available (e.g. El Eid et al. 2004) . Due to these reasons many different estimates of the C yields for MS and LIMS are available in the literature. We have called "the C enrichment problem" to the difficulty of estimating the proper C yields for MS and LIMS. In this paper we explore different solutions to the C problem studying only the effect of the stellar winds on the value of C yields.
Observational Constraints
In this work the data used as observational constraints are the following: i) the C and O abundances from Galactic H II regions presented in Paper I to constrain the presentday abundance gradient, ii) the C and O abundances from dwarf stars in the solar vicinity obtained by Akerman et al. (2004) to constrain the C/O history, iii) the C and O solar abundances by Asplund (2003) and Asplund et al. (2004) .
In Paper I new C/H and O/H gaseous values for eight H II regions between 6 and 11 kpc are presented, adopting the Galactocentric distance for the Sun of 8 kpc (see Fig. 1 ). These C/H and O/H values have been increased by 0.10 dex and 0.08 dex, respectively, due to the fraction of C and O embedded in dust grains (Esteban et al. 1998) . Based on these data the C/H, O/H and C/O gradients are −0.105, −0.044, and −0.061 dex kpc −1 , respectively. Akerman et al. (2004) present C/H and O/H stellar values from 34 F and G dwarf stars of the Galactic halo and combine their values with similar data from 19 disk stars. Based on these data the C/O value in the solar vicinity drops from 12+log(O/H) ∼6 dex to ∼ 7.7 dex and then increases from 12+log(O/H) ∼ 7.7 to 8.8 dex (see Fig. 1 ).
Chemical Evolution Models
All models are built to reproduce the observed gas fraction distribution of the Galaxy and the observed O/H Galactic gradient from 6 to 11 kpc at 13 Gyr, the age of the model, time elapsed since the beginning of the formation of the Galaxy. The models fit many observational constraints of the solar vicinity, for example: total surface density, infall rate, star formation rate, metallicity distribution of local K and G dwarf stars. In addition they also satisfy the restrictions related to the observed H, He, C, O, Fe and Z values (see Akerman et al. 2004 ).
The chemical evolution models for the solar vicinity of Akerman et al. (2004) have been extended to follow the chemical history of the Galactic disk between 4 kpc and 16 kpc, under the following assumptions:
i) The total surface mass density adopted as a function of time and Galactocentric distance r is given by
where the formation timescales τ halo = 0.5 Gyr and τ disk = 6 + (r/r ⊙ − 1)8 Gyr, and the constants A(r) and B(r) are chosen to match the present-day radial distribution of gas surface mass density (Prantzos 2003) ; the total surface mass density is given by (σ tot (r ⊙ , t g ) = 55e −(r−8kpc)/3.5kpc ), where we have adopted the halo to disk mass ratio of the solar vicinity for all Galactocentric distances.
ii) The star formation rate is proportional to a power of σ gas and σ tot : SF R(r, t) = ν σ 1.4 gas (r, t) σ 0.4 tot (r, t), where ν is a constant in time and space. In order to improve the agreement of the halo to disk abrupt change in C/O at 12+log(O/H) ∼ 8 dex, we assume a ν value five times higher during the halo formation than that adopted for the disk.
A ν value for the disk of 0.011 has been adopted for all models, with the exception of those models that assume the yields by Woosley & Weaver (1995) . For these yields the adopted ν value is 0.017.
iii) In order to study the contribution to the C enrichment of the interstellar medium, ISM, due to stellar evolution we have assumed different sets of stellar yields, all dependent on metallicity. The essence of this work is to explore the behavior of the C/O gradient in the Milky Way and the C/O history of the solar vicinity. Hoek & Groenewegen (1997, vdHG) from Z = 0.001 to Z = 0.04 with constant or variable η AGB (parameter that represents the importance of mass loss during the AGB phase) as a function of Z, where η AGB = 4 for all Z in the first case and η AGB = 2 for Z = 0.001 and Z = 0.004 in the second; and c) Marigo, Bressan, & Chiosi (1996 , and Portinari et al. (1998) from Z = 0.004 to Z = 0.02, these sets of yields have been labelled as MBCP.
For each set of yields, linear interpolations for different stellar masses and metallicities were made. For metallicities higher or lower than those available we adopted the yields predicted by the highest or lowest Z available, respectively.
Results and Discussion
In Table 1 , we present the following predictions of the models for the present time: i) the C/O value at r = r ⊙ , and ii) the C/O value of the gradient for the 6 to 11 kpc range, zone that corresponds to the observations of Paper I. From this table, it can be noted that:
i) The C/O value at the solar Galactocentric radius is reproduced by Models 1, 2, 9, and 10 that assume two kinds of stellar yields. In Models 1, 2, and 9 we adopted the C and O yields for MS with high stellar winds (M92, PCB98) and the C yields for LIMS that decrease with Z (MBCP or vdHG.var). In Model 10 we adopted the C and O yields for MS without stellar winds (WW95) and the C yields for LIMS that decrease with Z (vdHG.var).
ii) Models 3 to 8 and 11 predict for r = r ⊙ C/O values 0.1 to 0.4 dex lower than observed.
iii) The C/O gradient is only reproduced by Models 1 to 4 that assume for massive stars the MM02 yields for Z ≤ 0.004 and the M92 yields for Z = 0.02. iv) Models 5 to 11 predict C/O gradients flatter than observed. For Models 5 to 8 this is due to the fact that the MS MM02 yields with Z = 0.02 have winds with lower mass loss rates than those by M92, producing a smaller amount of C. For Models 10 and 11 this is due to the fact that the MS WW95 yields do not include stellar winds and consequently the C yields do not depend on Z.
For higher η AGB values the stars lose more gas and the AGB lifetimes become lower, reducing the C yields. A similar result is obtained for the yields by MBCP, because at higher Z the mass loss increases reducing also the AGB lifetimes.
In the left panel of Fig. 1 we show the observational constraints for the solar vicinity as well as Models 1 and 2, that are the two models that best fit the data. As mentioned in Akerman et al. (2004) the C/O minimum given by the halo objects has not been fitted by previous models nor by the models presented in this paper. Alternatively the young G dwarfs, the solar value, and the general trend of the metal poor halo objects are reasonably well fitted by both models.
In the right-hand side panels of Fig. 1 we show the fit of the two best models to the data presented in Paper I. All the models were constructed to reproduce the O/H gradient, but the two best models also produce an excellent fit to the C/H gradient and a good fit to the C/O gradient, providing us with the needed tool to discriminate among the different C yields. Note that for Galactocentric distances smaller than 6 kpc the C/O gradient predicted by the models start to saturate. Additional observational data as well as a model that includes the behavior of the bulge are needed to study the regions with r < 4 kpc. For Galactocentric distances, larger than 11 kpc, the C/O gradient predicted by Models 1 and 2 flattens and again additional observations are needed to test the models.
It is important to note that the O/H gradient depends on the O yields, the initial mass function, and the Galaxy formation history and is well adjusted by all models. While the C/O gradient depends mainly on the C yields, therefore permitting us to discriminate among the C yields available.
As mentioned in the Introduction the C enrichment is complex and depends on many variables. Therefore, we decided to evaluate the relative importance of MS and LIMS in the production of C and to compute the fraction of C in the ISM due to both types of stars. In Table 2 , we present the C processed and ejected by MS, LIMS and Type Ia SNe to the ISM during the whole evolution of the solar vicinity. From this table it can be noted that: a) the best models predict that MS produce between 50 % and 56 % and LIMS produce between 49 % and 42 % of the ISM present-day carbon abundance, b) the unsuccessful models predict that the C produced by MS varies from 33 % to 79 % and the C produced by LIMS varies from 66 % to 19 %, c) the rest of the C is produced by type Ia SNe. The relative importance of the C production of MS and LIMS changes with time (Akerman et al. 2004 ) and with Galactocentric radius.
In Figure 2 we present the C enrichment of the ISM of the solar vicinity as a function of time and O/H for Models 1 and 2. As can be seen from the figure MS dominate the C enrichment at early times, 12 + log(O/H) < 8 dex. For latter times, 12 + log(O/H) > 8 dex, the contributions by MS and LIMS become comparable.
In Table 3 we present the fraction of C due to MS and LIMS in the ISM for Models 1 and 2 at different Galactocentric distances. As expected, the fraction of C abundance present in the ISM produced by MS increases with decreasing r (for higher O/H values), because for MS the C yields increase with Z, while for LIMS they decrease with increasing Z.
The fit to the observations corresponds to the 6 < r(kpc) < 11 range, therefore Models 1 and 2 need to be tested based on future observations for r < 6 kpc and r > 11 kpc.
The C yield for LIMS by MM02 are the lowest ones considered in this paper, because the stellar evolution models used to compute the MM02 yields did not reach the thermal-pulse AGB phase, consequently the third dredge-up and the hot-bottom burning stages were not included. Also, for the previous reasons the contribution of the LIMS MM02 yields to the C/O value is smaller than that of the other yields.
Moreover, the computations based on the MM02 yields for LIMS are somewhat uncertain because the only yields available are from 2 M ⊙ to 7 M ⊙ in the case of Z = 10 −5 , and for 3 M ⊙ in the cases of Z = 0.004 and Z = 0.02.
The C/O gradient predicted by Model 9 (based on PCB98 yields) is almost flat because: the stellar models for MS with Z > 0.02 include intense winds, which occur before these stars synthesize C; therefore, their C yields become similar to those without stellar winds (Carigi, 2000) .
Conclusions
In this paper we present a solution to the C enrichment history of the Galaxy based on the yields and observations available. The solution is based on the adoption of C yields that increase with metallicity due to stellar winds in MS and decrease with metallicity due to stellar winds in LIMS. These yields fit the behavior of the C/O ratio in the 6 < r(kpc) < 11 range, the range for which we have C/H and O/H values from H II regions based on recombinations lines; the adopted yields also produce a reasonable fit to the C/O history of the solar vicinity.
We also find that about half of the C in the ISM of the solar vicinity has been produced by MS and half by LIMS. At a Galactocentric distance of 6 kpc about 59 % of the C has been produced by MS and 39 % by LIMS, while for 11 kpc the opposite is true, about 42 % of the C has been produced by MS and 56 % by LIMS.
It is clear that a more powerful treatment of convection, a better value of the 12 C(α,γ) 16 O rate, and a more realistic mass loss rate scheme will produce a better solution to the C enrichment problem. Moreover to produce a more stringent test for the C yields it is necessary to obtain observations of the C/O ratio for r < 6 kpc and r > 11 kpc and to include a model of the bulge formation and its effect on the C/O values for the inner regions of the Galaxy. a Percentage of C in the ISM produced by different types of stars over a period of 13 Gyr. Fig. 1. -Predictions from models considering, for massive stars, yields by Meynet & Maeder (2002) for Z < 0.02, Maeder (1992) for Z > 0.02, and for low and intermediate mass stars, yields by Marigo et al. (1996 Marigo et al. ( , 1998 and Portinari et al. (1998) 
